NMDA neurotoxicity, which is mediated, in part, by formation of nitric oxide (NO) via activation of neuronal NO synthase (nNOS), is modulated by neurotrophins. nNOS expression in rat and mouse primary neuronal cultures grown on a glial feeder layer is significantly less than that of neurons grown on a polyornithine (Poly-O) matrix. Neurotrophins markedly increase the number of nNOS neurons, nNOS protein, and NOS catalytic activity and enhance NMDA neurotoxicity via NO-dependent mechanisms when neurons are grown on glial feeder layers. In contrast, when rat or mouse primary cortical neurons are grown on a Poly-O matrix, neurotrophins have no influence on nNOS neuronal number or NOS catalytic activity and reduce NMDA neurotoxicity. Primary neuronal cultures from mice lacking nNOS grown on a glial feeder layer fail to respond to neurotrophin-mediated enhancement of neurotoxicity. Together, these results indicate that nNOS expression and NMDA NO-mediated neurotoxicity are dependent, in part, on the culture paradigm, and neurotrophins regulate the susceptibility to NMDA neurotoxicity via modulation of nNOS. Furthermore, these results support the idea that NMDA neurotoxicity in culture is critically dependent on the developmental state of the neurons being assessed and suggest that, when cortical neurons are cultured on a glial feeder layer, they do not reach nearly as mature a phenotype as when grown on a Poly-O matrix.
NMDA neurotoxicity, which is mediated, in part, by formation of nitric oxide (NO) via activation of neuronal NO synthase (nNOS), is modulated by neurotrophins. nNOS expression in rat and mouse primary neuronal cultures grown on a glial feeder layer is significantly less than that of neurons grown on a polyornithine (Poly-O) matrix. Neurotrophins markedly increase the number of nNOS neurons, nNOS protein, and NOS catalytic activity and enhance NMDA neurotoxicity via NO-dependent mechanisms when neurons are grown on glial feeder layers. In contrast, when rat or mouse primary cortical neurons are grown on a Poly-O matrix, neurotrophins have no influence on nNOS neuronal number or NOS catalytic activity and reduce NMDA neurotoxicity. Primary neuronal cultures from mice lacking nNOS grown on a glial feeder layer fail to respond to neurotrophin-mediated enhancement of neurotoxicity. Together, these results indicate that nNOS expression and NMDA NO-mediated neurotoxicity are dependent, in part, on the culture paradigm, and neurotrophins regulate the susceptibility to NMDA neurotoxicity via modulation of nNOS. Furthermore, these results support the idea that NMDA neurotoxicity in culture is critically dependent on the developmental state of the neurons being assessed and suggest that, when cortical neurons are cultured on a glial feeder layer, they do not reach nearly as mature a phenotype as when grown on a Poly-O matrix.
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Neurotrophins consist of a family of growth factors, including nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-4/5), which act on high-affinity receptor tyrosine kinases, TrkA, TrkB, and TrkC, to promote neurite extension, neuronal survival, and differentiation (Barde, 1994; Barbacid, 1995; Thoenen, 1995) . Other growth factors such as glial-derived neurotrophic factor (GDNF), ciliary neurotrophic factor (CNTF), insulin-like growth factor (IGF-1), and transforming growth factor-␤ (TGF-␤) also influence neuronal survival and differentiation (Lindsay, 1994; Birling and Price, 1995) . Besides having a role in neuronal differentiation and survival, neurotrophins can attenuate neuronal cell death caused by excitotoxins, glucose deprivation, and ischemia (Shigeno et al., 1991; Davies and Beardsall, 1992; Frim et al., 1993; Burke et al., 1994; Lindholm, 1994; Mattson et al., 1995; Nakao et al., 1995; Anderson et al., 1996) . Despite the abundance of in vitro and in vivo data that neurotrophins enhance the survival of neurons after neuronal injury, Choi and collaborators recently provided provocative data that neurotrophins under certain conditions enhance excitotoxic insults (Koh et al., 1995) .
Nitric oxide (NO) is an important biological messenger with many diverse physiological actions throughout the body (Nathan, 1992; Schmidt and Walter, 1994; Yun et al., 1996) . NO is synthesized from L-arginine by NO synthase (NOS), of which three isoforms have been identified, representing the products of three distinct genes that include neuronal NOS (nNOS, Type 1), immunological NOS (iNOS, Type 2), and endothelial NOS (eNOS, Type 3) (Bredt and Snyder, 1994; Marletta, 1994; Nathan and Xie, 1994) . Neurotoxicity elicited by glutamate acting via NMDA receptors is mediated, in part, by excess production of NO by nNOS . NMDA neurotoxicity in primary cerebral cortical cultures is prevented by a variety of NOS inhibitors (V. T. Dawson et al., 1993 T. Dawson et al., , 1995 , and cortical cultures from nNOS-deficient (nNOS Ϫ ) mice are resistant to neurotoxicity . These results have been replicated independently in various other culture systems (for review, see Dawson and Snyder, 1994; . However, some difficulties in replicating these findings may relate to inadequate expression of nNOS neurons in the cultures used (Hewett et al., 1994) .
nNOS expression is increased after NGF treatment in PC-12 cells (Hirsch et al., 1993; Peunova and Enikolopov, 1995) and in rat spinal cord after treatment with BDNF, NT-3, and NT-4 (Huber et al., 1995) and basal forebrain cholinergic neurons (Holtzman et al., 1994 (Holtzman et al., , 1996 . Because nNOS expression is regulated by neurotrophins, we wondered whether the potentiation of excitotoxicity by neurotrophins is mediated via increases in nNOS expression. We now show that nNOS levels and NO-dependent neurotoxicity are critically dependent on the culture paradigm. Neurons grown on a glial feeder layer express low levels of nNOS and do not exhibit NO-dependent neurotoxicity, whereas neurons grown on a polyornithine (Poly-O) matrix express high levels of nNOS and exhibit NO-dependent neurotoxicity in response to NMDA. Moreover, we show that neurotrophin enhancement of NMDA neurotoxicity occurs via increases in nNOS when neurons are grown on a glial feeder layer, whereas neurotrophins are neuroprotective when neurons are grown on a Poly-O matrix.
MATERIALS AND METHODS
Cell culture. Primary cortical cultures were prepared from gestational day 16 fetal Sprague Dawley rats and C57BL6 mice in a procedure modified from that described previously (V. . Briefly, the cortex from fetal mice was dissected, and the cells were dissociated by trituration in modified Eagle's medium (MEM), 20% horse serum, 25 mM glucose, and 2 mM L-glutamine after a 30 min digestion in 0.027% trypsin/saline solution. Cortex from fetal rats was dissociated by trituration in MEM, 10% fetal bovine serum, 10% horse serum, and 2 mM L-glutamine after a 30 min digestion in 0.027% trypsin/saline solution. The cells were plated on 15 mm multiwell plates coated with polyornithine (Poly-O) or a glial layer. At 4 d after plating, the cells were treated with 5-fluoro-2-deoxyuridine for 3 d to inhibit proliferation of nonneuronal cells. Cultures derived from mice then were maintained in MEM, 10% horse serum, 25 mM glucose, and 2 mM L-glutamine in an 8% CO 2 -humidified 37°C incubator. Rat cultures then were maintained in MEM, 5% horse serum, and 2 mM L-glutamine in an 8% CO 2 -humidified 37°C incubator. The growth medium was refreshed twice per week, and the neurons were allowed to mature for 14 d in culture before being used for experiments. Glia were cultured from 0 -3 d postnatal rats and mice. The procedure was as above for primary neuronal cultures except that the cells were plated on 75 mm 2 flasks. After 2 weeks of maturation in vitro, they were plated onto 15 mm multiwell plates and allowed to reach confluence (3-5 d).
Neurotrophic growth factor treatment. On day in vitro (DIV) 13 the cells were treated with 100 ng/ml of BDNF, GDNF, NT-3, NT-4, or NGF. Neurotrophic factors were obtained from Intergen (Purchase, NY). Experiments were performed on DIV 14.
Cytotoxicity. The cells were exposed to excitotoxic conditions as described previously (V. . Before exposure, the cells were washed with Tris-buffered control salt solution (CSS), pH 7.4, containing (in mM): 120 NaCl, 5.4 KCl, 1.8 CaCl 2 , 25 Tris-HCl, and 15 glucose. The exposure solutions were administered briefly (5 min) and then washed off. Then the cells were placed in MEM with 21 mM glucose and returned to the incubator overnight.
Toxicity was assayed 20 -24 hr after exposure to cytotoxic conditions by trypan blue exclusion (0.4% trypan blue in CSS) as described previously (V. . Both live cells (cells that exclude trypan blue and are raised dots under Hoffman modulation optics) and dead cells (cells that take up trypan blue and are flat under Hoffman modulation optics) were counted. The percentage of cell death was determined as the ratio of live to dead cells, as compared with the percentage of death in control wells, to account for cell death attributable to mechanical stimulation of the cultures. At least two separate experiments using four separate wells were performed, with a minimum of 4000 -12,000 neurons counted per data point. The data were collected and counted by an observer blinded to the treatment protocol.
Data were analyzed with a one-way ANOVA and Fisher's protected least significance difference post hoc test.
NOS catalytic activity. Cortical cultures were washed with CSS and homogenized in 50 l of 50 mM Tris-HCl buffer, pH 7.4, containing 2 mM EDTA. Homogenates were centrifuged (1400 ϫ g) for 15 min at 4°C. NOS catalytic activity was assayed by monitoring the conversion of [ 3 H]arginine to [ 3 H]citrulline, as described (Bredt and Snyder, 1990 ). Tissue supernatant (25 l) was added to 100 l of a solution containing 0.1 Ci [
3 H]arginine and 1 mM NADPH. CaCl 2 (10 l) to a final concentration of 2.25 mM was added to start the assay, and the samples were incubated for 15 min at room temperature. The assay was terminated by the addition of 3 ml of HEPES buffer, pH 5.5, containing 2 mM EDTA, and incubates were applied to 0. 
added).
Immunoblotting. Cell cultures were collected in 100 l of Tris-HCl buffer, pH 7.4, containing 2 mM EDTA, 1 mM ␤-mercaptoethanol, 1 mM PMSF, 1 mM benzamide, and 10 g/ml leupeptin. The contents of one well were loaded per lane into a 8% polyacrylamide gel. After electrophoresis and nitrocellulose membrane transfer, the membranes were incubated overnight with a primary nNOS monoclonal antibody (Transduction Labs, Lexington, KY). The primary antibody was diluted 1:1000 in 3% bovine serum albumin/0.1% Tween 20 in phosphate buffer (PB), pH 7.4. Subsequently, nitrocellulose membranes were incubated for 3 hr with the secondary antibody (1:5000) at room temperature in 5% nonfat milk in PB, pH 7.4. The labeled bands were visualized by chemiluminescence (Kirkegaard & Perry, Gaithersburg, MD).
NADPH diaphorase staining. Cells were washed three times with CSS and fixed for 30 min at 4°C in a 4% paraformaldehyde (PF), 0.1 M PB. The PF solution was washed away with Tris-buffered saline (TBS): 50 mM Tris-HCl and 1.5% NaCl, pH 7.4. The reaction solution, containing 1 mM NADPH, 0.2 mM nitroblue tetrazolium, 0.2% Triton X-100 (TX-100), 1.2 mM sodium azide, and 0.1 M Tris-HCl, pH 7.2, was applied to the fixed cell cultures for 1 hr at 37°C (T. V. Dawson et al., 1993) . The reaction was terminated by washing away the reaction solution with TBS. All diaphorase-positive cells in each well were counted with an inverted microscope.
RESULTS

Culture-dependent regulation of nNOS expression
We compared nNOS levels in rat cortical neurons grown on a glial layer versus neurons grown on a Poly-O matrix (Fig. 1) . Neurons grown on a glial layer express negligible levels of nNOS neurons, as indicated by NADPH-diaphorase staining (Fig. 1 A) . This is in stark contrast to neurons grown on a Poly-O matrix in which 1-2% of the total neuronal population expresses nNOS, as indicated by NADPH-diaphorase staining (Fig. 1 B) . The number of nNOS neurons is enhanced markedly by a 24 hr treatment with BDNF (100 ng /ml) in cultures grown on a glial layer, whereas there is no significant increase in the number of nNOS neurons in cultures grown on the Poly-O matrix (Fig. 1C,D) .
Neurotrophin regulation of nNOS expression in cortical cultures
Previously we showed that nNOS expression is enhanced by NGF treatment in PC-12 cells (Hirsch et al., 1993) . Neurotrophins increase the number of detectable nNOS-expressing neurons, as indicated by NADPH-diaphorase staining in cultures grown on a glial feeder layer ( Fig. 2A) . BDNF increases the number of nNOS neurons approximately four-to fivefold over control values. GDNF increases the number of nNOS neurons by approximately fourfold, NT-3 and NT-4 increase the number of nNOS neurons by approximately threefold, and NGF fails to influence significantly the number of nNOS neurons in cultures grown on a glial feeder layer (Fig. 2 A) . Western blot analysis for nNOS protein and assessments of nNOS catalytic activity by measuring the conversion of [ cantly higher quantity of nNOS neurons (Fig. 3A) . nNOS neurons, as indicated by NADPH-diaphorase staining, comprise ϳ1-2% of the total neuronal population, consistent with the adult phenotype T. Dawson et al., 1991; Vincent and Kimura, 1992) . BDNF treatment does not influence the total number of nNOS neurons (Fig. 3A) or nNOS catalytic activity (Fig. 3C ), but BDNF increases the amount of nNOS protein, as indicated by Western blot analysis (Fig. 3B) .
Increases in nNOS levels mediate potentiation of NMDA neurotoxicity by neurotrophins
Rat cortical cultures grown on a glial layer are susceptible to NMDA (500 M) neurotoxicity, with ϳ20% cell death above control values (Fig. 4 A) . This neurotoxicity is not influenced by the competitive nNOS inhibitor nitroarginine-methyl ester (LNAME; 500 M) or by excess L-arginine (LARG; 5 mM). Treatment of cortical cultures grown on glial layers with BDNF (100 ng /ml) for 24 hr markedly enhances NMDA neurotoxicity, as previously shown (Koh et al., 1995) . This marked enhancement of neurotoxicity is NO-dependent, because LNAME completely prevents the enhancement of NMDA neurotoxicity by BDNF and LARG reverses the neuroprotective effects of LNAME (Fig. 4 A) . An equivalent amount of NMDA-mediated neurotoxicity is observed in cortical cultures grown on a Poly-O matrix, as compared with neurons grown on a glial layer treated with BDNF (Fig. 4 B) . NMDA neurotoxicity in cortical cultures grown on Poly-O matrix is also NO-dependent, because LNAME blocks the neurotoxicity and the attenuation of neurotoxicity is reversed completely by the substrate LARG (Fig. 4 B) . Consistent with previous observations, BDNF attenuates the neurotoxic response to NMDA by ϳ50%. The residual neurotoxicity is dependent partially on NO, because LNAME attenuates this neurotoxicity and LARG reverses the protective effects of LNAME (Fig. 4 B) .
Culture-independent sensitivity to NO neurotoxicity
To assess whether neurons grown on a glial layer versus neurons grown on a Poly-O matrix are differentially vulnerable to the toxic effects of NO, we examined neurotoxicity in response to the NO donor sodium nitroprusside (SNP; Fig. 5 ). Both neuronal culture systems are equally sensitive to the toxic effects of SNP, with 300 M SNP killing ϳ50% of the neurons and 1 mM SNP killing ϳ90 -100% of the neurons. BDNF treatment of neurons grown on glial layers does not influence the susceptibility to SNP neurotoxicity, whereas neurons grown on the Poly-O matrix are less susceptible to the toxic effects of 500 M SNP (Fig. 5) .
Neurotrophin-mediated enhancement of NMDA neurotoxicity is prevented in nNOS ؊ mice
Similar to the observations in rat cortical cultures, we observe the same enhancement of NMDA neurotoxicity by BDNF in murine cortical cultures grown on glial layers and a protective effect of BDNF on murine cortical cultures grown on Poly-O matrix (Fig.  6 A,B) . BDNF enhancement of NMDA neurotoxicity in neurons grown on glial layers is NO-dependent, and NMDA neurotoxicity in cortical cultures grown on Poly-O matrix is also NO-dependent (Fig. 6 A,B) . To explore and confirm the potential role of induc- tion of nNOS by BDNF as the mediator of enhancement of neurotoxicity by neurotrophins, we examined the response of cortical cultures obtained from nNOS Ϫ mice (Huang et al., 1993) (Fig. 7) . As previously shown, nNOS Ϫ cortical cultures are markedly resistant to NMDA neurotoxicity , and BDNF fails to enhance NMDA neurotoxicity in nNOS Ϫ cortical cultures grown on glial layers (Fig. 7A) . BDNF also fails to provide additional protective effects to NMDA neurotoxicity in nNOS Ϫ cortical cultures grown on a Poly-O matrix (Fig. 7B) .
DISCUSSION
This study provides several lines of evidence indicating that increased nNOS expression mediates, in part, neurotrophin enhancement of NMDA neurotoxicity. Cortical cultures grown on glial layers from both rats and mice express relatively low levels of nNOS and are relatively resistant to the toxic effects of NMDA. BDNF, as well as a variety of other growth factors, markedly enhances the expression of nNOS in cortical cultures grown on glial layers, as evidenced by the greater number of NADPHdiaphorase staining neurons, increased levels of nNOS protein by Western blot analysis, and increased nNOS catalytic activity. Accompanying the increase in nNOS, following BDNF treatment of cortical cultures grown on glial layers, is a NO-dependent component to NMDA neurotoxicity. This neurotoxicity is attenuated by the competitive NOS inhibitor, LNAME, and this neuroprotection is reversed by the NOS substrate, LARG. Moreover, cortical cultures from mice lacking nNOS grown on glial layers are resistant to the potentiation of NMDA neurotoxicity by BDNF pretreatment. Together, these observations establish nNOS induction as a major mediator of neurotrophin enhancement of NMDA neurotoxicity when cortical neurons are grown on a glial monolayer.
NMDA neurotoxicity is thought to be involved in ischemic stroke damage, because NMDA receptor antagonist decreases infarct volume after middle cerebral artery occlusion (Choi, 1988; Choi and Rothman, 1990; Meldrum and Garthwaite, 1990; Lipton and Rosenberg, 1994) . NO may play a major role in NMDA neurotoxicity, because a variety of NOS inhibitors blocks NMDA neurotoxicity in cortical cultures . Furthermore, neuronal cultures from mice lacking the gene for nNOS are markedly resistant to the toxic effects of NMDA . NO-mediated neurotoxicity seems to be specific for NMDA receptor activation, because neurotoxicity elicited by kainate or AMPA receptor activation is resistant to neuroprotection by NOS inhibitors (V. . A role for NO in NMDA neurotoxicity is supported by several in vivo studies in which stroke damage Iadecola, 1997) , mitochondrial toxin-induced striatal injury (Schulz et al., 1995a) , and MPTP neurotoxicity are reduced with selective nNOS inhibitors (Schulz et al., 1995b; Przedborski et al., 1996) . In addition, there is substantial reduction from injury to these insults in the brains of nNOS Ϫ mice (Huang et al., 1994; Przedborski et al., 1996; Schulz et al., 1996) . Despite the abundance of data implicating NO in NMDA neurotoxicity, there have been some difficulties in replicating these findings. A majority of the difficulties in the in vivo studies probably are related to the initial use of drugs that elicited nonspecific effects. Most NOS inhibitors block all three isoforms and, when administered in vivo, inhibit eNOS, raising blood pressure and reducing cerebral blood flow Iadecola, 1997) . The initial discrepancies in the in vivo studies have been clarified by the use of relatively selective nNOS inhibitors Iadecola, 1997) as well as the studies in mice lacking the gene for nNOS (Huang et al., 1994) . On the other hand, differences in the potential role of NO in NMDA neurotoxicity in in vitro culture systems has yet to be clarified. Our results indicate that a NO component to NMDA neurotoxicity is critically dependent on the number of nNOS neurons and the level of nNOS protein. The expression of nNOS is critically dependent on the culture condition used, in that Figure 4 . Increases in nNOS levels mediate potentiation of NMDA neurotoxicity by neurotrophins. A, Rat cortical neurons grown on a glial layer exhibit NMDA-mediated (NMDA; 500 M) neurotoxicity, which is not influenced by the competitive nNOS inhibitor nitroarginine-methyl ester (LNAME; 500 M) or by excess L-arginine (LARG; 5 mM). Pretreatment (24 hr) with BDNF (100 ng /ml) markedly enhances NMDA (500 M) neurotoxicity ( † p Ͻ 0.0001), which is prevented with LNAME (500 M; § p Ͻ 0.0001), and LARG (5 mM; ‡ p Ͻ 0.0001) reverses this neuroprotection. B, Cortical neurons grown on a Poly-O matrix demonstrate an equivalent amount of NMDA neurotoxicity to that observed in cortical neurons grown on a glial layer and pretreated with BDNF (100 ng /ml). This neurotoxicity is also NO-dependent (*p Ͻ 0.0001). BDNF treatment of neurons grown on a Poly-O matrix attenuates the neurotoxic response to NMDA (500 M) by ϳ50% ( † p Ͻ 0.0001). LNAME (500 M; § p Ͻ 0.05) provides further protection, and LARG (5 mM; ‡ p Ͻ 0.0001) reverses this protection. Each data point represents the mean Ϯ SEM (n ϭ 6 -12) of at least two separate experiments; a minimum of 4000 -10,000 neurons was counted. Figure 5 . Culture-independent sensitivity to NO neurotoxicity. Cultures were exposed to increasing concentrations of the NO donor sodium nitroprusside (SNP Concentration). Both neuronal culture systems are equally sensitive to the toxic effects of SNP. SNP depleted of NO by preincubating in culture media for 24 hr has no intrinsic toxicity. Pretreatment (24 hr) with BDNF (100 ng /ml) does not influence SNP toxicity in cortical neurons grown on a glial layer; however, cortical neurons grown on a Poly-O matrix are less susceptible to the toxic effect of 500 M SNP (*p Ͻ 0.001). Each data point represents the mean Ϯ SEM (n ϭ 4 -6) of at least two separate experiments; a minimum of 4000 -8000 neurons was counted.
neurons grown on glial layers contain relatively low levels of nNOS, whereas neurons grown on a Poly-O matrix tend to contain high levels of nNOS. nNOS originally was thought to be a constitutively expressed enzyme. However, recent studies indicate that nNOS protein levels can increase after a variety of toxic insults as well as neuronal injury (Solodkin et al., 1992; Roskams et al., 1994; Wu et al., 1994; Zhang et al., 1994; Verge et al., 1995) . The upregulation of nNOS by growth factors may play a role in nNOS induction after injury as a number of these factors are induced (Funakoshi et al., 1993; Lindvall et al., 1994; Kokaia et al., 1995) . In PC-12 cells the induction of nNOS after NGF administration is thought to be important in the growth arrest of PC-12 cells and may subserve a role in neuronal differentiation (Peunova and Enikolopov, 1995) as well as attainment of a fully differentiated neuronal phenotype (Hirsch et al., 1993) . The molecular mechanisms underlying the upregulation of nNOS are not known. Recently, the promoter region for human nNOS has been characterized (Hall et al., 1994) . Growth factors induce a variety of transcription factors, including AP-1 and the cyclic AMPresponsive element (Gaiddon et al., 1996) , and the nNOS promoter region contains these DNA binding motifs.
Choi and collaborators used neuronal cultures grown on glial layers to demonstrate neurotrophin enhancement of necrotic cell death pathways induced by oxygen glucose deprivation or neurotoxic concentrations of NMDA (Koh et al., 1995) . Oxygen glucose deprivation is a useful model of vascular stroke. Neurotoxicity after oxygen glucose deprivation in cultures involves NMDA receptor activation (Choi, 1993) and is mediated primarily by activation of nNOS and overproduction of NO . We now confirm these observations and show that the enhancement of NMDA neurotoxicity by neurotrophins is medi- Figure 6 . Increases in nNOS levels mediate potentiation of NMDA neurotoxicity by neurotrophins. A, Murine cortical neurons grown on a glial layer exhibit NMDA-mediated (NMDA; 500 M) neurotoxicity, which is not influenced by the competitive nNOS inhibitor nitroarginine-methyl ester (LNAME; 500 M) or by excess L-arginine (LARG; 5 mM). Pretreatment (24 hr) with BDNF (100 ng /ml) markedly enhances NMDA (500 M) neurotoxicity ( † p Ͻ 0.0001), which is prevented with LNAME (500 M; § p Ͻ 0.0001), and LARG (5 mM; ‡ p Ͻ 0.0001) reverses this neuroprotection. B, Cortical neurons grown on a Poly-O matrix demonstrate an equivalent amount of NMDA (500 M) NO-dependent neurotoxicity (*p Ͻ 0.0001) to that observed in cortical neurons grown on a glial layer pretreated with BDNF (100 ng /ml). BDNF treatment of neurons grown on a Poly-O matrix attenuates the neurotoxic response to NMDA (500 M) by ϳ50% ( † p Ͻ 0.0001), LNAME (500 M; § p Ͻ 0.01) provides further protection, and LARG (5 mM; ‡ p Ͻ 0.0001) reverses this protection. Each data point represents the mean Ϯ SEM (n ϭ 6 -12) of at least two separate experiments; a minimum of 4000 -10,000 neurons was counted. Figure 7 . Neurotrophin-mediated enhancement of NMDA neurotoxicity is prevented in nNOS Ϫ mice. A, nNOS Ϫ cultures are markedly resistant to NMDA neurotoxicity, and BDNF (100 ng /ml) fails to enhance NMDA neurotoxicity in cortical cultures grown on a glial layer. B, BDNF fails to provide neuroprotection to cortical neurons grown on a Poly-O matrix. Each data point represents the mean Ϯ SEM (n ϭ 6 -12) of at least two separate experiments; a minimum of 4000 -10,000 neurons was counted. None of the determinations is statistically different from another. ated partially via the increased expression of nNOS. This effect is observed only when neurons are grown on a glial layer. In addition, neurotrophins can affect other cellular systems, such as calcium regulation and upregulate glutamate receptors, which also may contribute to the increased vulnerability of neurons to excitotoxicity (Collazo et al., 1992; Mattson et al., 1993; Cheng et al., 1995) . Recent studies suggest that microglia could contribute to the excitotoxic injury to neurons via an indirect mechanism probably secondary to neurocytokine interactions and induction of iNOS (Hewett et al., 1994) . Neurons grown on both the glial layer and Poly-O matrix would have microglia because measures were not taken to exclude microglia from the culture paradigms; thus we cannot exclude the possibility that neurotrophin-mediated enhancement of excitotoxicity is attributable to indirect actions of microglia. If microglia are contributing to the enhancement of excitotoxicity, it is unlikely to be via activation of iNOS, because cultures lacking nNOS fail to exhibit neurotrophin-mediated enhancement of excitotoxic injury. When neurons are grown on a Poly-O matrix, BDNF pretreatment is neuroprotective, consistent with numerous previous reports of the protective role of neurotrophins (Mattson et al., 1989 Fernandez-Sanchez and Novelli, 1993; Nozaki et al., 1993; Prehn et al., 1993; Burke et al., 1994; Lindholm, 1994; Lindvall et al., 1994; Nakao et al., 1995; Anderson et al., 1996) . Thus, the phenotype of neuronal cultures is influenced markedly by the culture paradigm. When neurons are grown on a glial layer, they are being exposed to glia that are ϳ2-3 weeks older in age, whereas neurons grown on Poly-O matrix are exposed to glia that are at the same developmental time point. It is likely that neurons and glia signal to each other during development and differentiation and that neurons grown on glial layers do not receive the proper signaling and may remain in a more immature fetal-like state. It is likely that glia of different ages secrete various "factors" that alter the phenotype of the neurons. Consistent with this notion is our observation that conditioned media obtained from glial feeder layers can inhibit completely the nNOS expression of neurons grown on a Poly-O matrix (A. Samdani, V. L. Dawson and T. M. Dawson, unpublished observations) . To our knowledge there is no demonstration that neurotrophins enhance the susceptibility to neuronal injury in in vivo studies. Thus, neuronal cultures grown on a Poly-O matrix may represent more accurately the phenotype of the in vivo neuronal population. Moreover, when neurons are grown on a Poly-O matrix, the level of nNOS expression more accurately represents the adult phenotype.
Numerous studies indicate that neurotrophins are neuroprotective after a variety of toxic insults (Burke et al., 1994; Lindholm, 1994; Lindvall et al., 1994; Nakao et al., 1995; Anderson et al., 1996) . We observe similar neuroprotective properties when neurons are grown on a Poly-O matrix. Pretreatment of cortical cultures grown on a Poly-O matrix with BDNF reduces both NMDA neurotoxicity and SNP neurotoxicity. The mechanisms of neurotrophin-mediated neuroprotection are not known. However, recent studies indicate that neurotrophin treatment may stabilize intracellular calcium levels as well as prevent apoptotic death programs (Collazo et al., 1992; Barde, 1994; Barbacid, 1995; Levine et al., 1995; Thoenen, 1995; Tazi et al., 1996) . Peptide growth factors may protect against ischemic toxicity in culture by preventing NO toxicity (Maiese et al., 1993) . They also prevent peroxynitrite-mediated apoptosis (Estevez et al., 1995) . Furthermore, neurotrophins are trophic and may allow neurons to recover from toxic insults (Hefti, 1986; Tuszynski et al., 1990; Yan et al., 1992; Koliatsos et al., 1993; Widmer et al., 1993; Friedman et al., 1995) . Alternatively, neurotrophins could induce other neuroprotective proteins and factors that play an as yet undetermined important role.
